Background {#Sec1}
==========

Arm range of motion (ROM) is a measure of interest in clinical setting as it is important for the diagnosis, evaluating the treatment and quantifying possible changes \[[@CR1]\]. One of the most widely used methods for evaluating ROM is manual goniometry \[[@CR2]\], which was first used to treat injured soldiers during the First World War \[[@CR3]\], and has been developed ever since \[[@CR4], [@CR5]\]. For decades active and passive upper limb motion has been studied by goniometry \[[@CR2], [@CR6]--[@CR9]\]. Subsequently, ROM has been studied by digital goniometer \[[@CR10]\], digital inclinometer \[\[[@CR11], [@CR12]\]\], visual estimation \[[@CR13]\], visual level \[[@CR14]\] and other devices such 3D gyroscope \[[@CR15], [@CR16]\] or Kinect system \[[@CR17]\]. Given their compact size and portability, one attractive option is inertial sensors, which are a valid and reliable motion analysis system \[[@CR18]\]. Use of inertial sensors is described in a protocol which analyses upper-limb movements \[[@CR19]\], whilst their intra- and inter-operator reliability has been determined in several planes of motion \[[@CR20]\].

The emergence of new technologies has led to conventional rehabilitation services incorporating the concept of telerehabilitation as an attractive alternative to providing at-distance rehabilitation over the Internet. This brings a wide range of benefits for both patients and health care practitioners, and also improves the quality of rehabilitation health care \[[@CR21], [@CR22]\]. There are several studies that have contributed to accepting telerehabilitation as a feasible tool, like those analysing knee angles and kinematic gait by internet-based evaluation \[[@CR23], [@CR24]\], and to accepting goniometry over the Internet as a powerful, valid and reliable tool for measuring ROM in joints \[[@CR25]\]. In this field, Smartphones are currently very popular devices for therapeutic purposes \[[@CR26]\]. Smartphone applications (apps) have lately transformed the mobile phone into a health care provider's device \[[@CR27]\]. Hence, in the past years, health apps that measure ROM have been validated; several apps make use of goniometry in knee \[[@CR28]\] or elbow \[[@CR29]\] joints. Regarding the shoulder, sensor-based \[[@CR30]--[@CR32]\] and inclinometer-based \[[@CR33], [@CR34]\] apps have investigated its motion. Studies have also investigated internet-based goniometers through images of the elbow joint \[[@CR29], [@CR35], [@CR36]\] hallux valgus \[[@CR37]\] or knee joint \[[@CR23]\]. More specifically, the Internet-based goniometer has also been demonstrated to be a reliable tool for the measurement of upper limb ROM in stroke patients \[[@CR32]\]. However, only shoulder external rotation through the image-based app has recently been validated in a healthy sample \[[@CR34]\]. Interest in analysing upper extremity biomechanics also includes individuals suffering from shoulder diseases, given that the shoulder is the most affected region in the upper limbs after the hand \[[@CR38]\]. In patients with chronic shoulder pain, ROM is limited and results in restricted daily activities \[[@CR39]\]. Consequently, it is necessary to find simple, effective tools that can improve diagnosis and outcome assessment \[[@CR38]\]. Furthermore, rehabilitation services that are technology-focused contemplate the term 'image-based telerehabilitation' \[[@CR40]\]. Accordingly, the aim of the present research is to study the validity and reliability of an Internet and image-based app regarding arm abduction angle (AAA) in both healthy subjects and patients suffering from shoulder damage.

Methods {#Sec2}
=======

Study design {#Sec3}
------------

In this cross-sectional study, descriptive and anthropometric independent variables related to age, gender, weight, size and BMI were included, along with a physical property for a dependent variable, namely arm abduction angle, AAA (degrees).

Following recruitment, participants were asked to attend the study in the Human Movement Laboratory, Faculty of Health Sciences (University of Málaga). Tasks were explained concisely and clearly so that the participant understood the action to perform. The beginning and the end of the action were determined by a verbal instruction from the researcher. Participants were placed standing, starting from neutral position, performing arm abduction.

Participants {#Sec4}
------------

The total sample consisted of 37 subjects: 23 in the pathologic group and 14 in the healthy group. Patients were recruited from a specialized orthopaedics clinic where they had been previously been diagnosed by magnetic resonance imaging. Asymptomatic subjects were recruited thought advertisement. They were interested in taking part in the project and they met the inclusion criteria. Subjects were included if they were aged between 18 and 75 years old, had a Body Mass Index (BMI) between 18 and 42. Subjects were excluded if they refused to participate in the study.. Asymptomatic subjects were excluded if they had any shoulder pain or they presented a positive Neer \[[@CR41]\] or Hawkins \[[@CR42]\] test.

Priori sample size was calculated in 9 patients for an α error of 0.05, a statistical power of 0.8 and β error of 0.7, based on data from a systematic review on the use of inertial sensors to measure human movement \[[@CR18]\].

Ethics {#Sec5}
------

Ethical approval for the study was granted by the Ethics Committee of the Faculty of Health Sciences, University of Malaga. The study complied with the principles laid out in the Declaration of Helsinki. Each participant was given an information sheet and provided written informed consent for participation. Participants were informed that participation was voluntary and they could withdraw at any point. They were also assured that their personal data would be treated in accordance with the Organic Law of Protection of Personal Data.

Apparatus {#Sec6}
---------

AAA was obtained through two different devices. On the one hand, as criterion standard, the inertial measurement was obtained through two inertial sensors (InertiaCube3™ Intersense Inc., Billerica, Massachusetts) with dimensions of 26.2 mm x 39.2 mm x 14.8 mm and weighing 17 grams. Each sensor contains an inertial 3-DOF (Degree of Freedom) orientation tracking system: yaw, pitch, and roll, with an accuracy of 1°, 0.25°, and 25° respectively, an angular range of 360°, able to detect an angular rate between 0° and 1200° per second, with a sampling frequency of 1000 Hz. On the other hand, degrees were also obtained using a Smartphone Nexus 4 ® (LG Electronics INC, Seoul, South Korea) with an 8 megapixels main camera and a 4.7 in. Corning Gorilla Glass 2 touchscreen with a 1280 × 768 pixel resolution. The app used was mROM (Brain Dynamics SL, Málaga, Spain), available in the Google store. mROM is an app that allows ROM to be measured with the camera on a smartphone. When the app is open, it allows the user to take a picture and draw an angle by touching the screen at three points as a reference. Then, the capture (photograph) and the measurement (photograph with angle) are automatically saved in the device (JPEG format, 1.33 MB). The captured image and the measurement made (Fig. [1](#Fig1){ref-type="fig"}) enables the user to generate a report with recommendations for clinical use for patients (Fig. [2](#Fig2){ref-type="fig"}). The app has been designed and developed by clinical experts with proven experience applying the criteria of evidence-based medicine, so that all clinical recommendations made by the application are supported by medical reference literature. Both measurement and report can be sent by email from the running app.Fig. 1Arm abduction angle measurement made by mROM app. In the arm measured, it can be observed the 3 point as reference to create the angle. In the upper left corner, angle´s degrees are provided automatically by the app. (The subject provided consent for her image to be used)Fig. 2Report with recommendations for clinical use for patients. In the upper part, "Visit report" and "Range of Motion assessment" is heading the report. It is followed by the measurement, a · recommendation" section for clinical use for patients. Finally, there is a "References and Evidences" section, so clinical recommendation can be supported by a medical reference. (The subject provided consent for her image to be used)

To obtain information about shoulder disability in pathological subjects, the Spanish version of Disabilities of the Arm, Shoulder and Hand (DASH) \[[@CR43]\] and Upper Limb Functional Index (ULFI) \[[@CR44]\] questionnaires were filled in by each participant before performing kinematic tasks. The DASH questionnaire is a standardized measure of upper limb symptoms and functional status \[[@CR45]\] that consists mainly of a 30-item disability/symptom scale. It has been shown to be valid and reliable in a patient population with various upper limb disorders \[[@CR46]\]. ULFI is an upper extremity outcome measure that consists of a 25-item scale, which can be transferred to a 100-point scale. It has also been shown to have strong psychometric properties for reliability and validity \[[@CR47]\].

Procedure {#Sec7}
---------

In order to control for potential error introduced by subjects' positioning and Smartphone placement, the following procedure was used for obtaining images. Participants stood on a mark placed on the floor. Another mark was placed 2 m away in order to maintain the same distance between the subjects and the investigators. Also, shoulder height was measured, so the Smartphone could be positioned at the same height. For this purpose, a rigid measuring tape was used to measure the distance between the ground and the shoulder. This distance was maintained when holding the smartphone and taking the photograph. The Smartphone app mROM corrected anteroposterior tilt on its own, so it was only possible to take the picture when the Smartphone was perpendicular to the ground. Arm abduction was performed in the frontal plane with the elbow extended, the wrist in a neutral position, and the palm of the hand toward the midline at the beginning and end of the movement. Hence, abduction was performed with external rotation because it prevented clearance of the rotator cuff tendons \[[@CR48]\]. Participants were told to elevate their arm as much as their shoulder allowed, and to hold their arm still in that maximum arm abduction; they were also told to return to the initial position when the photo was taken. Three photographs taken by the principal examiner were measured for intra-rater reliability. Two of them were taken the first day, and the third one the next day. Another examiner also measured the shoulder on 3 occasions for inter-rater reliability. That is, each examiner took 3 photographs of each subject and determined reference points on 2 separate occasions 1 day apart. Thus, photographic measurements were taken from 3 independent sets of images and, on each measurement occasion, each image was independently examined and an independent measurement produced.

To determinate AAA from the photographs, 3 points were selected by the examiners by touching the screen: humerus-head, middle third of the humerus, and the third one parallel to the center line of the body. mROM used these points to calculate AAA, which is the angle formed by rising the upper limb in a frontal plane. All images were saved in JPEG format (1224 × 1632 pixels). Data was sent to the researchers by email.

For each subject inertial sensors were placed on the half of the body presenting shoulder pathology, located in the middle third of the humerus slightly posterior and in the flat part of the sternum. These surfaces were cleaned with alcohol so each sensor adhered to the skin. To ensure fixation of the sensor to the patient's skin and prevent slippage, a double-sided adhesive tape was used, as well as an 8 cm wide elastic cohesive (Rapidex ®) to fix to cylindrical body segments (upper arm), and an adhesive bandage 5 cm wide (Strappal ®) in flatter areas of the body (sternum). Inertial values were recorded by kinematic Intersense Server Software, which were subsequently transferred to a Microsoft® Excel 2007 database. In the sensor placed on the humerus, degrees provided by pitch corresponded to humerus abduction. In the sensor placed on the sternum, degrees provided by pitch corresponded to sternum lateral motion. Hence, in order to determinate arm abduction by inertial sensors, degrees recorded in pitch for the sternum were added to those degrees recorded in pitch for the humerus.

All the photographic measurements were taken at the same time as inertial measurement. Therefore direct comparison could be made between inertial measurements and photographs of individual subjects. Both principal examiner and second examiner were physiotherapists with 2 or more years of clinical experience.

At the first day, 2 measurements for one shoulder were recorded using inertial sensors and 2 photographs taken using a Smartphone by two examiners. At the second day, 1 inertial and photographic measurement was taken by each examiner. Repeating both measurements by the principal examiner were used to calculate intra-rater reliability, while measurements by the principal and second examiners were used to calculate inter-rater reliability.

Statistical analysis was performed using data from upper limbs photographs and inertial measurements. Descriptive statistics (mean, standard deviation) using standard procedures were calculated for descriptive and anthropometric variables, as well as for the first measure of AAA by photographs and inertial sensors.

Intra-rater and inter-rater reliability were examined using intraclass correlation coefficients (ICC ~2,1~) and *P* value.

For intra-rater reliability, 3 photographic measures taken by the first examiner were compared. For inter-rater reliability, the subject's best measure from 3 photographs by each examiner was chosen for comparison, as it was understood as the maximum capacity each subject could reach.. Intraclass correlation coefficients (ICC ~2,1~) and *P* value were examined. The levels of reliability were excellent (ICC \>0.80), good (0.80 \> ICC \> 0.60), moderate (0.60 \> ICC \> 0.40), and poor reliability (ICC \< 0.40). Very high correlation was represented by *p* value higher than 0.7, whereas coefficients between 0.7 and 0.5 indicated moderate correlation. Values between 0.5 and 0.3 was considered as poor correlation \[[@CR49]\]. For criterion validity, *P* values and Pearson correlation coefficients were calculated to examine the association between Smartphone photographic and inertial measurements.

Analysis was performed with SPSS version 22.0 for Windows and Medcalc Software, while data collection used inferential analysis between variables by type and normal. *Kolmogorov*-Smirnov nonparametric tests were used, as determined by the normality of distribution variables. The statistical significance level was set at *P* \< 0.05.

Results {#Sec8}
=======

The pathological group consisted of 23 subjects, male/female = 9/14, right-handed/left-handed = 21/2, with unilateral shoulder pain (11 rotator cuff tears, 7 subacromial impingement, 3 supraspinatus tendinopathy, 2 others). 18 right arms and 5 left arms were measured. The healthy group consisted of 14 subjects, male/female = 6/8, all of them right-handed. 12 right arms and 2 left arms were measured.

Descriptive and anthropometric variables are shown in Table [1](#Tab1){ref-type="table"}.Table 1Descriptive and anthropometric characteristics of sample (*n* = 37)Mean ± SDHealthy (*n* = 14)Pathologic (*n* = 23)Age (years)56.14 ± 9.1052.78 ± 10.02Weight (Kg)75.32 ± 14.2875.24 ± 18.52Height (m)1.66 ± 0.091.63 ± 0.09BMI (Kg/m^2^)27.12 ± 3.8528.15 ± 6.70ULFI (0--100)071.82 ± 20.63DASH (0--100)063.24 ± 18.21

In the overall sample of 37 shoulders, mean ± SD of AAA in the first measure carried out with a Smartphone was 169.07° ± 4.96° for healthy subjects and 93.54° ± 40.88° for pathological subjects. When measuring with inertial sensors mean ± SD of AAA was 154.22° ± 19.27° for healthy subjects and 87.86° ± 47.41 for pathological subjects (Table [2](#Tab2){ref-type="table"}).Table 2Arm Abduction Angle (degrees) obtained through inertial and photographic measurement in healthy and pathological groupMinimumMaximumMean ± SDHealthyPathologicHealthyPathologicHealthyPathologicInertial sensors128.1217.53195.2186.02154.22 ± 19.2787.86 ± 47.41smartphone163.8729.58179.75163.37169.07 ± 4.9693.54 ± 40.88

For photographic measurements, high values of agreement (Intraclass correlation coefficients (ICC) and 95 % confidence intervals and P) were seen for intra-rater reliability, although these values were higher for the pathological group (Table [3](#Tab3){ref-type="table"}).Table 3Intra-rater and inter-rater reliability and criterion validity of Smartphone measurementIntra-rater reliability ICC ~2,1~ (95%CI), *P* valueInter-rater reliability ICC ~2,1~ (95%CI), *P* valueCriterion validity (Pearson r, *P* value)Healthy group (*n* = 14)0.780 (0.399, 0.931)0.492 (0.083, 0.822)0.400, *p* = 0.198 ns*p* = 0.001\*\**p* = 0.04\*Pathologic group (*n* = 23)0.975 (0.942, 0.989)0.990 (0.978, 0.996)0.971, *p* \< 0.001\*\**p* \< 0.001\*\**p* \< 0.001\*\*Total simple (*n* = 37)0.988 (0.977, 0.994)0.994 (0.988, 0.997)0.964, *p* \< 0.001\*\**p* \< 0.001\*\**p* \< 0.001\*\*Ns = No significative\* = *p* \< 0.05\*\* = *p* \< 0.01

Comparison of measurements taken by 2 different examiners showed very high inter-rater reliability for the pathological group, although it was not reliable for healthy subjects (Table [3](#Tab3){ref-type="table"}).

Validity analysis showed very strong Pearson correlation values for the pathological group and the total sample. However, the Pearson correlation was poor for the healthy group and no significant values were found (Table [3](#Tab3){ref-type="table"}).

Discussion {#Sec9}
==========

To our knowledge, this is the first study to analyze the reliability of a ROM measure using a photography-based Smartphone goniometer in healthy and pathological shoulders. Intra-rater and inter-rater reliability were showed by very high ICC in the total sample. These findings agree precisely with results from other studies investigating photography-based goniometers (ICC greater than 0.93) \[[@CR50], [@CR51]\]. However, intra-rater reliability values were better for pathological subjects, and no inter-rater reliability was found for healthy subjects. This fact may be due to a smaller sample in this group. Also, a wider range of motion results in a more heterogeneous distribution, which may affect reliability results. Regarding validity, no relation was found between inertial and image-based measurement. This may be due to the size of the healthy sample (*n* = 14).

Previous studies on shoulder mobility have used photographs to obtain abduction angle. In subjects that underwent shoulder surgery, excellent reliability was found for abduction movement when compared to visual estimation; excellent intra-observer and inter-observer reliability (ICC \> 0.9) were also found \[[@CR50]\]. The Internet-based goniometer was discovered to be a valid tool for measuring the upper limb range of motion in people who suffered a stroke when compared with a universal goniometer (UG), showing intra- and inter-rater reliabilities (ICC) higher than \>0.93 \[[@CR51]\]. In our study, an ICC \>0.9 was also found for the total sample. However, in the present study, as inertial sensors are an accurate and reliable method for human motion analysis \[[@CR18]\] and their use has been supported in upper limbs \[[@CR19], [@CR20]\], they were considered an appropriate criterion standard, instead of visual estimation or a UG.In our study, a ICC \> 0.9 was also found in the total sample.

As can be appreciated from the bibliography, the concept of obtaining measurements of joint ROM from photographs is not new. In the last decade, it has been investigated for several joints. Hallux valgus measurements using radiography and digital images have been compared, showing also a ICC \> 0.9 for inter-rater and intra-rater reliability for photographic measurement, and an acceptable reliability \[[@CR52]\]. Hallux valgus angles from foot radiography have been measured by computer-assisted measurements as a criterion standard and compared to an accelerometer-based Smartphone app. For the app, the ICC for inter-observer reliability ranged between 0.56 and 0.93, while the ICC for intra-observer reliability ranged between 0.56 and 0.97, depending on the angle measured or the observer \[[@CR37]\]. In the present study, ICC also ranged but showed higher levels, except for inter-rater reliability in the healthy sample, in which the ICC was found to be 0.492. In this case, values ranged depending on the group. Also, knee radiographs were compared to digital photographs for flexion and extension movements, showing near-perfect concordance correlation coefficients, which ranged depending on the method employed or the angle measured \[[@CR53]\].

Besides using radiographs, a UG was used as criterion standard, such as for measuring knee angles, and was compared to clinical photographs taken by an Internet-based goniometer, for which the ICC for both reliabilities ranged between 0.96 and 1.00. There were no significant differences found when comparing the UG and the Internet-based goniometer \[[@CR23]\]. The UG was also compared to virtual goniometers, which showed higher values of reliability in knee and elbow joints \[[@CR35]\]*. A* software programme was shown to be more reliable than the UG when measuring maximal ROM of the knee \[[@CR54]\]. Further a Smartphone-based application, showed an ICC for intra and inter-rater reliability higher than 0.956 \[[@CR55]\]. Elbow angle measured with a UG was compared with digital photographs. The photography-based method showed an ICC between 0.96 and 0.98 for its validity, and better inter-observer reliability than the UG \[[@CR35], [@CR36]\]. A Smartphone image-based app showed an ICC between 0.96 and 0.99 for intra- and inter-rater reliability, respectively, and was shown to be a reliable and useful alternative tool for elbow joint goniometry \[[@CR29]\]. Results from the present study are in line with those that showed higher levels of reliability and validity when measuring ROM via Smartphone app. Focusing on ROM provided by image-based app, the range of AAA in our sample of 37 shoulders was 154.44° to 179.75° $\documentclass[12pt]{minimal}
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                \begin{document}$$ \left(\overline{X}\kern0.5em =92.69{}^{\circ}\right) $$\end{document}$ for pathological shoulders. These results are consistent with previous studies that have investigated AAA: ranging from 20° to 180° for patients who had undergone shoulder surgical procedure \[[@CR50]\], mean = 161° of shoulder abduction measured with a goniometer and mean = 162° when measured with an inclinometer in asymptomatic subjects \[[@CR11]\], and, in patients with shoulder pathology, the range was from 45° to 180° for visual estimation, from 30° to 170° for goniometry, and from 15° to 160° for still photography \[[@CR56]\].

The sample of volunteers recruited were representative of a clinical population, with healthy and pathological shoulders. However, several limitations should be considered in our study. On the one hand, it investigated AAA; however shoulder mobility assessment includes measurements of other movements, such as flexion, extension, scaption, or rotations. Another limitation is that there may be errors when applying these results clinically, including Smartphone placement, subject positioning, and locating landmarks on the screen. However, in order to control for these errors, shoulder height was measured and marks were placed on the floor. Also, one important limitation is its use in obese patients whose surface landmarks may be difficult to accurately pinpoint on the photograph.

As referenced, previous studies have demonstrated that, in some cases, image-based goniometry is more reliable than UG in evaluating ROM. However, traditional manual measure is one of the most widely used methods \[[@CR2]\]. More specifically, because of the emergence of new technologies, studies have focused on goniometry via Smartphone app, including image-based measurements, which has shown good reliability and validity, depending on the joint measured and the method employed.

One of the clear benefits of Smartphone photography-based goniometry over other devices is that it represents a portable tool accessible to all. Its non-invasive nature and its cost-effectiveness for investigators and clinicians make it a practical tool to assist with evaluation and treatment compliance.

Conclusions {#Sec10}
===========

This study demonstrates that Smartphone photographs are a reliable and valid method to measure AAA, supporting the use of photography obtained through app for measuring joint ROM. Thus, it offers an interesting alternative to other devices, adding objective information on patients' shoulder mobility. As clinical implications, this app may assist the medical professional in providing follow-up treatment, allowing to obtain a reliable shoulder measure and to attach by email a clinical report. However, it would be interesting to implement a study with a bigger sample of healthy subjects and to study other arm motions.
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